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CulnSe2 thin films were deposited onto glass and liquid-indium-coated glass substrates by 
coevaporation of copper, indium, and selenium. The morphology, composition, and crystalline 
properties have been studied in relation to the deposition process parameters. The deposition rate 
and the grain size are higher in films grown on liquid indium than on glass and depend on the 
indium film thickness. Films grown on indium do not show the same crystalline phases of films 
grown on glass, and in order to obtain films free of spurious phases the Cu fluxes must be 
increased. 
I. INTRODUCTION 
The efficiency of thin-film solar cells depends to a large ex-
tent on the crystalline grain size. I The increase of this can be 
obtained through the optimization of the deposition process 
parameters (growth temperature and growth rate) and film 
recrystallization through heat treatment processes after the 
deposition. An alternative technique is the growth of thin 
films on a liquid-metallic layer, or rheotaxy.2 The large grain 
sizes obtained with this technique are due to the high mobil-
ity of the impinging atoms on the liquid surface. In previous 
studies3,4 we have demonstrated the feasibility of growing 
continuous liquid-indium films onto glass and metal-coated 
glass substrates, and the suitability of these films for the 
rheotaxial growth of semiconductors. 5 In this work we re-
port the rheotaxial growth of CulnSe2 thin films on liquid-
indium-coated glass substrates. 
II. EXPERIMENTAL 
The CulnSe2 thin films were deposited by coevaporation 
under a pressure of 10-4 Pa, from three different sources, 
each one consisting of a cylindrical graphite crucible heated 
by a tantalum filament, and with a proportional integral dif-
ferential (PID) temperature control system. The cells were 
20 cm from the substrate and were tilted 10° from the normal 
to the substrate. The source temperature ranges were 1100-
1250 °C for Cu, 930-1100 °C for In, and 240-330 °C for Se. 
The films were deposited in each evaporation onto three 
glass slides held at different temperatures in the 175-350 °C 
range. Prior to the CulnSe2 film deposition a continuous 
liquid-indium film 100 nm thick was deposited onto one-half 
of the glass substrate with a growth rate of 0.1 nm/s, the 
other half of the substrate being covered with a shutter. Next 
the shutter was fully opened and the CulnSe2 films were 
deposited onto the indium film and onto the uncoated glass. 
In order to study the influence of the indium film thickness, a 
deposition of CulnSe2 on a stepped indium film with thick-
nesses between 10 and 100 nm was performed. 
The film thicknesses were determined by the Tolansky 
method and also through the cross-section micrographs of 
the films. The composition was obtained with the electron 
microprobe (EDAX/ECON 711), the morphology was 
studied with the scanning electron microscope (Philips 
PSEM 500), and the crystalline structure was determined 
from the x-ray diffraction spectra obtained with a Bragg-
Brentano diffractometer (Philips PW 1130) using the Cu Ka 
line. 
III. RESULTS AND DISCUSSION 
A. Morphology 
Table I shows the composition, thickness, grain size, and 
deposition process parameters of the obtained films. The 
thickness of the rheotaxial films is much higher than that of 
the films deposited on glass. The thickness of the rheotaxial 
films increases with increasing indium layer thickness and 
approaches saturation at higher thicknesses (Fig. 1). This 
indicates a larger deposition rate of the rheotaxial films that 
must be attributed to a higher sticking coefficient of the im-
pinging atoms onto the indium layer. 
In the scanning electron microscope the rheotaxial 
CulnSe2 films appear to be uniform without conglomerates 
or indium droplets. The films are polycrystalline with grain 
sizes in the 0.1-0.2 f1m range for films grown on glass and in 
the 0.3-2 f1m range for rheotaxial films (Table I). Figure 2 
shows scanning electron micrographs of the two types of 
film. The higher grain size of the rheotaxial films is due to the 
larger mobility of the impinging atoms on the liquid surface 
which gives rise to a lower nuclei density and higher island 
size during the film growth. The larger thickness of the rheo-
taxial films can also contribute to the higher grain size, but 
this effect must be much lower than that of the indium-liquid 
film because in films 1-2 f1m thick grown on glass, the grain 
size is always rather lower than 1 f1m. 6 
Figure 3 represents the grain size as a function of the depo-
sition temperature for films grown onto indium films of the 
same thickness. It can be observed that the grain size in-
creases when the deposition temperature increases. This de-
pendence is typical of poly crystalline thin films and is related 
with the higher mobility of the impinging particles on the 
substrate during the nucleation process. 7 The grain size, for a 
fixed deposition temperature, increases when the thickness 
of the indium layer increases (Fig. 4), but for thicknesses 
below 20 nm the grain size is similar to that of films grown on 
glass. 
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TABLE I. Technological parameters, composition, thickness, and grain size of CuInSe2 thin films. 
Substrate Thickness Thickness Grain 
temperature In film CuInSe2 film Composition (at. %) size 
Sample Substrate (,C) (nm) (fLm) 
22T1 glass 250 
22T1 R indium 250 100 
22T3 glass 176 
22T3R indium 176 100 
25T1 glass 350 
25T1 R indium 350 100 
25T2 glass 300 
25T2R indium 300 100 
32T1 glass 350 
32T1 Rl indium 350 10 
32T1 R2 indium 350 20 
32T1 R3 indium 350 40 
32T1 R4 indium 350 70 
32T1 R5 indium 350 100 
It is to be noted that the cross-section micrographs of the 
rheotaxial films do not present the predeposited indium lay-
er, even when this was 100 nm thick. Therefore, the indium 
layer is incorporated into the semiconductor film during the 
growth process. 
B. Composition 
The films grown on glass show compositions near stoi-
chiometry, but the rheotaxial films have very different com-
positions (Table I). All these films show an increase of In 
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FIG. I. Dependence of CuInSe2 film thickness on indium film thickness 
(substrate temperature: 350 ·C). 
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concentration and, in proportion, a decrease of eu concen-
tration. 
The increase of In concentration could be due to the indi-
um incorporation from the liquid layer in the semiconductor 
film, in agreement with the disappearance of the indium lay-
er. For the rheotaxial films, the study through electron probe 
microanalysis of the composition homogeneity in depth, 
shows a high In concentration near the substrate that de-
creases when the electron beam spot moves away from this. 
This inhomogeneity of the films can be explained in terms of 
two phenomena: the indium incorporation from the liquid 
(a) 
(b) 
FIG. 2. Scanning electron micrographs (scale bars, 1 fLm) ofCuInSe2 films 
grown on (a) an indium liquid film and (b) uncoated glass. 
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FIG. 3. Dependence of the grain size on the substrate temperature (indium 
film thickness: 100 nm). 
layer into the growing CuInSe2 film at the first stages of 
deposition, and the In diffusion inwards the CuInSe2 film 
during its growth. 
Nevertheless the amount ofIn in the liquid layer ( 100 nm 
thick) is not enough to explain the observed excess of this 
element in the CuInSe2 film, which has a much larger thick-
ness. Then this fact must be attributed to the different values 
of the increase of the sticking coefficient of indium, copper, 
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FIG. 4. Dependence of the grain size on the indium film thickness (substrate 
temperature: 350 "C). 
and selenium on liquid indium with respect to bare glass, 
that are higher for indium. 
c. Crystalline structure 
Figure 5 shows the evolution of the x-ray diffraction spec-
tra with the growth temperature for films simultaneously 
grown on liquid indium and on glass. The spectra indicate 
FIG. 5. X-ray diffraction spectra of films 
simultaneously grown on (a) liquid in-
dium and (b) glass at various substrate 
temperatures: (1) 176, (2) 250, (3) 300, 
and (4) 350 "C. 
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FIG. 6. Evolution of the x-ray diffraction spectra with the Cu-In flux ratios 
(substrate temperature: 300 'C). 
that films grown on glass are constituted by the crystalline 
phases of CuInSe2 (probably sphalerite because the charac-
teristic peaks of chalcopyrite do not appear) and only in the 
film grown at the lower temperature does an additional low-
intensity peak attributed to CU2 _ x Se appear. 
In rheotaxial films, when the growth temperature is below 
250°C, there are only several binary compounds of Cu, In, 
and Se. For the growth temperature of250 °C the character-
istic peaks of CuInSe2 appear, but several peaks of other In-
Se phases still exist. The films grown at temperatures in ex-
cess of250 °C show the peaks of CuInSe2 and an unidentified 
peak of lower intensity at 21°C with an interplanar spacing 
of 4.17 A. It is to be noted that the films do not present In 
characteristic peaks in any case. 
The unidentified peak, which does not appear in the films 
grown on glass, can be related with the incorporated indium 
in the rheotaxial films and could be due to other ternary 
compounds of Cu, In, and Se. 8- 1O 
In order to obtain CuInSe2 films free of spurious phases, 
and taking into account the excess of indium in the rheotax-
ial films, we have tried to deposit films with Cu fluxes higher 
than those used to obtain stoichiometric CuInSe2 films on 
glass. The diffraction spectra of the films show that when the 
Cu flux increases the relative intensity of the unidentified 
peak decreases until it disappears (Fig. 6), and the films 
have only CuInSe2 peaks. Moreover, it is to be pointed out 
that the diffraction spectra of the films with the larger Cu-In 
flux ratios show the (211) characteristic peak of the CuInSe2 
chalcopyrite phase. 
On the other hand, in order to study the influence of the 
indium layer on the unidentified peak we have analyzed the 
x-ray diffraction spectra of films with several thicknesses of 
the indium layer. Figure 7 shows the evolution of the spectra 
with the indium layer thickness. The unidentified peak only 
appears for thickness below 70 nm. Furthermore, it is to be 
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FIG. 7. Evolution of the x-ray diffraction spectra with the liquid-indium film 
thickness: (a) 0, (b) 10, (c) 20, (d) 40, (e) 70, and (0 100 nm. 
noted that the (211) characteristic peak of CuInSe2 chalco-
pyrite phase, which is present in the films grown on glass, 
disappears in the films grown on a thin layer of indium, but 
reappears together with the unidentified peak when the 
thickness is 70 nm or higher. 
IV. CONCLUSION 
Rheotaxy using a liquid-indium thin layer is a feasible 
technique for the growth of CuInSe2 thin films with higher 
grain sizes and also higher deposition rates. The grain size 
shows an important dependence on the growth temperature 
and the indium layer thickness. The deposition rate, how-
ever, depends essentially on the indium layer thickness. 
Rheotaxial films with only CuInSe2 phases can be ob-
tained by means of the increase of the Cu flux in relation to 
that used for films deposited on glass, or by means of the 
decrease of the indium-liquid layer thickness. 
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